A field -emission scanning electron microscope (FE -SEM) with energy -dispersive X -ray spectrometer (EDS) detector of a superconducting transition -edge sensor (TES) microcalorimeter is a new system for electron -microprobe chemical analyses. FE -SEM with TES was used for qualitative and semi -quantitative analyses of rareearth elements (REE) at a low accelerating voltage of 5 kV. Four characteristic M -lines were detected in the LaB 6 spectrum: LaMζ at 640, LaMαβ at 841, LaMγ at 1021, and a weak line (M 2 N 4 transition) at 1100 eV. The spectra of other rare -earth borides, rare -earth phosphates, and monazite were assigned in the same way as the La M -lines were. For quantitative analyses, we used a calibration curve method, using standard specimens of known chemical compositions. Linear calibration curves for plots of P, Ca, La, Ce, Pr, and Nd intensities versus each weight percentage were obtained. Semi -quantitative analyses of rare -earth minerals should be carried out at low accelerating voltages using a calibration curve method. In a TES -EDS system, a low accelerating voltage can be used to improve the spatial resolution, without the sensitivity disadvantages of low -energy X -ray emissions. Moreover, a strong increase in the Mαβ intensity with increasing atomic number Z was seen, so the detection limits of heavy REE was much lower than those of light REEs. These results suggest that the TES -EDS system could be a useful analytical tool in rare -earth mineralogy.
INTRODUCTION
A field -emission scanning electron microscope (FE -SEM) with a superconducting transition -edge sensor (TES) microcalorimeter and energy -dispersive X -ray spectrometer (EDS) detector has been installed in the HVEM Laboratory, Kyushu University, Japan. The FE -SEM is an UL-TRA55 model (Carl Zeiss Inc., Germany) with a GEMI-NI ® column, and a crossover -free lens system and beam booster were installed to enable the easy observation of high -resolution images. A TES (SII Nano Technology Inc., Japan) is a new commercially available tool for electron -microprobe chemical analysis (Tanaka et al., 2005; Tanaka et al., 2006) . There are currently only two FE -SEM with TES -EDS systems in the world. General information on and the analytical performance of the prototype TES system were recently reported by Li et al. (2009) and Nakai et al (2010) . Very -high -energy resolution is the main feature of EDS -type detectors, and this enables chemical analyses at low accelerating voltages (Tanaka, et al. 2006 ) and analyses of insulator specimens such as minerals, with no carbon coating. These analytical methods are very useful for specimens with submicron microstructures. However, quantitative chemical analytical methods have yet to be developed. In this study, basic data for FE -SEM with TES and preliminary experiments for quantitative analyses using the M -lines of the rareearth elements (REEs) are reported.
EXPERIMENTAL
The measurements were carried out using an ULTRA55 FE -SEM with TES. The analytical conditions were as follows: accelerating voltage 5 kV, working distance 4.59 or 4.70 mm, and condenser aperture 120 μm; the current mode was high and spectra were obtained for 450 or 1800 s in live time. The TES detector was maintained at 160 mK, and the energy resolution at this temperature was 15 eV at AlKα (1480 eV).
The characteristic X -ray lines used for energy cali- Two sets of standard specimens were used (Table 1) . Monazite, apatite, boron nitride and fluorite in Astimex MINM25 -53 mounts (serial number 96 -048), and rareearth borides (LaB 6 , CeB 6 , PrB 6 , NdB 6 ) and rare -earth phosphates (REP 5 O 14 , RE = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y) in a JEOL rare -earth standard for electron -probe microanalyses were selected for this study. The M -lines of the lanthanoid borides, lanthanoid phosphates, and monazite, and the Kα -lines of P and Ca of apatite and monazite were investigated for preliminary quantitative analyses. Boron nitride and fluorite were measured for the background TES -EDS spectrum.
RESULTS AND DISCUSSION
The M -line spectra of La in LaB 6 , Ce in CeB 6 , Pr in PrB 6 , and Nd in NdB 6 are shown in Figure 1 . These spectra are raw data without background subtraction. The M emission spectra of the elements La, Ce, Pr, and Nd were assigned according to Dellith and Wendt (2004) and Bearden (1967) . Four characteristic lines were found for each boride. In the LaB 6 spectrum, LaMζ at 640, LaMαβ at 841, LaMγ at 1021 eV, and a weak line (M 2 N 4 transition) at 1100 eV were detected. The broad peak at 841 eV was a triplet of a very weak line from the M 5 O 3 transition (811 eV), and lines from LaMα (833 eV) and LaMβ (849 eV), which could not be resolved with the present TES -EDS system. Dellith and Wendt (2004) found eight lines in La and Ce spectra, but we could not detect the other three weak lines (M 2 N 4 , M 2 N 1 , M 4 N 3 ). The spectra of other rare -earth borides were assigned lines in the same way as the La M -lines were.
Boron nitride and fluorite were measured for energy resolution, lower energy limit, and the background TES -EDS spectrum. Figure 2 shows the spectra of boron nitride and fluorite. System resolutions at NKα, FKα, and CaKα were measured using the full -width at half -maximum (FWHM) values of these peaks. The obtained values were 18 eV at NKα (385 eV), 18 eV at FKα (690 eV), and 16 eV at CaKα (3691 eV). These values are all of an energy resolution order of 15 eV. The lower energy limits of the TES -EDS are 290 eV in the boron nitride spectrum and 200 eV in the fluorite spectrum (Fig. 2) . BKα (183 eV) could not be detected in this experiment. The backgrounds of these spectra show gaps at 1100 eV (NaK edge), 1575 eV (AlK edge), 1850 eV (SiK edge), and 2200 eV (AuM edge), caused by a silica -glass X -ray guide tube and an absorber made of gold in the TES detector. Figure 3 shows the spectrum of monazite. The intensity of the M -line of the REE is very weak because of the low fluorescence yield of the M -line, and the background is very high in the energy region where the REE M -lines appear. A long measurement time is therefore required. The M -lines of La and Ce in monazite are observed clearly after 600 s, but the peaks are still a little noisy after 1800 s (Fig. 3) . Longer counting times are required to obtain higher accuracy.
The net counts for each specimen were calculated using the following procedures: background subtraction using the spectrum of boron nitride or fluorite, and peak fitting on a Gaussian curve using a software package (ORIGIN ® , OriginLab Corp. USA). The Mαβ -line at 841 eV for La, Mαβ -line at 889 eV for Ce, Mαβ -line at 939 eV for Pr, Mαβ -line at 991 eV for Nd (Fig. 1) , and Kα -lines for Ca and P were selected.
In Figure 4 , the net peak intensities of the Mαβ -lines of the elements from 57 La to 60 Nd for the rare -earth borides and from 57 La to 71 Lu for the rare -earth phosphates are shown. A strong increase in the Mαβ intensity with increasing atomic number Z can be seen, except for 70 Yb and 71 Lu. This linear relation can be used to produce calibration curves for semi -quantitative chemical analyses of REEs. Dellith and Wendt (2008) indicated that the relation between intensity and atomic number for the Mα -line of the heavy REEs 67 Ho, 68 Er, 69 Tm, 70 Yb, and 71 Lu was a monotonic increase. The intensity relationships for 70 Yb and 71 Lu do not follow the general trend.
For quantitative analyses using the TES -EDS system, we used a calibration curve method, using standard specimens of known chemical compositions. Linear calibration curves for plots of P, Ca, La, Ce, Pr, and Nd intensities versus each weight percentage (Table 1) were obtained using these TES -EDS experimental results. The tentative linear calibration curves are shown in Figure 5 . The correlation coefficients of the calibration curves (R 2 ) are more than 0.99, except for NdMαβ (R 2 = 0.97) and PKα (R 2 = 0.33). The relation between the intensity of the Mαβ -lines and REE weight percentage is linear, and thus can be used for semi -quantitative analyses. These results suggest that the TES -EDS system could be a powerful analytical tool in rare -earth mineralogy.
SEM observations under a low accelerating voltage (typically 5 kV) have a great advantage in terms of highresolution observations because the region of X -ray and back -scattered electron generation is limited to that near the surface, thus producing a submicrometer -scale image. An important advantage of the TES detector is that it can produce high resolution with low -energy X -rays such as the M -lines of the REEs. The introduction of a TES microcalorimeter EDS system will therefore provide a new analytical method in X -ray microanalysis of rare -earth minerals.
* Weight percentages of rare -earth borides and rare -earth phosphates were calculated as ideal compositions. Figure 5 . Tentative calibration curves for the elements P, Ca, La, Ce, Pr, and Nd in rare -earth borides, monazite, apatite, and fluorite obtained using the TES -EDS system at 5 keV and 1800 s live time. Linear lines for P, Ca, La, Ce, Pr, and Nd are shown.
